ABSTRACT
INTRODUCTION
The Supervisor of Salvage, USN, requested the Naval Civil Engineering Laboratory to design, fabricate, evaluate and deliver flat disc acrylic plastic windows for replacement of glass windows currently utilized by the EDU (Experimental Diving Unit) at Washington, D. C. In view of the fact that the pressure vessels into which the windows were to be installed are man-rated, the windows also had to be subjected to a sufficiently exhaustive testing program that would justify manrating them. This report is a brief summary of the systematic window and material testing program to which the acrylic plastic windows for the EDU chambers were subjected to insure their acceptability for manrated service in a USN installation.
DISCUSSION
Since the main objective of an evaluation program for windows applicable to man-rated service is establishment of confidence in the installed windows , all the phases of the evaluation program had to contribute to the attainment of this objective. Thus, confidence had to be established in the design, material, fabrication, quality control and service life of such windows under stated operational conditions; 450 psi maximum pressure and 120 F ambient temperature.
Design
The design of the windows was based on the destructive short-term hydrostatic tests performed previously by NCEL in 75°E ambient environment on flat disc acrylic plastic windows.
Since the short-term loading conditions are distinctly different from long-term sustained or cyclic pressure tests, a conservative conversion factor had 10 be used in applying the short-term test data to the design of windows for the more severe sustained and cyclic pressure operational service conditions at 120°F temperature. The conversion factor chosen was 12, considered to be sufficiently large to take into account not only the difference in loading conditions Cshort-term vs. cyclic and long-term loading) but also the need for a safety margin of at least 300 percent.
Using the conversion factor of 12, the t/D-^(thickness to ffange opening diameter ratio) was found to be 0.325. This value gave the When the 450 psi operational pressure is multiplied by the conversion factor of 12, the result is 5400 psi. Using Figure 10 in NCEL Technical Report TR-527, one finds that a t/D.^(thickness to flange opening diameter) ratio of about 0.325 is required in order for windows to fail at 5500 psi under short-term loading conditions at 75°F.
proper design ratio between the window thickness and the unsupported diameter of the window.
Because acrylic plastic plate stock varies in thickness from specified values, the actual t/D. ratio of finished windows varies from the specified one ( Figure 1 ) .
Since previous tests have shown that a 1.5 ratio between the flange opening and the outer window diameters is desirable the existing EDU window flanges (Figure 2) were checked for conformance. They were found to conform approximately to this ratio.
It was found, however, that modification of the existing retaining ring (Figure 3) for the EDU chamber flange with the 7.000-inch diameter seat was required to accommodate the 1.650-inch thick acrylic plastic window. No further changes in the EDU window flanges were found to be necessary to accommodate the acrylic plastic windows chosen on the basis of 0.325 t/D. ratio.
The sealing arrangement consisting of flat rubber gaskets used previously with glass windows was retained unchanged for acrylic plastic windows.
Material Selection
Since the utility grade of acrylic plastic Plexiglas G (MIL-P-21105C) has been found in previous studies to be acceptable for man-rated windows under hydrostatic loading, it could be utilized for EDU windows without any further material selection tests. But if the fabricator of windows would rather supply an equivalent or better grade of acrylic plastic for the windows, it could be utilized also, providing the typical window performance evaluation tests were performed with windows fabricated from that material.
Because Swedlow Inc. , the fabricator of the windows, indicated that he would rather use Swedlow 350 grade (MIL-P-8184) acrylic plastic, it was chosen for the EDU windows.
The advertised mechanical properties of Swedlow 350 acrylic were approximately the same as of Plexiglas G acrylic. Therefore, no fear existed that it may not pass the NCEL specifications (Table 1) for man-rated acrylic plastic windows. The basic difference between Swedlow 350 and Plexiglas G was in the former's better resistance to (1) surface crazing when exposed to harmful chemicals, and (2) deformation at elevated temperatures. Since this difference between Swedlow 350 and Plexiglas G was to EDU's advantage, it was accepted as a desirable feature.
Material Quality Control
Material quality control was exercised by cutting test specimens from the center of the acrylic plastic plates serving as machining stock for the windows.
Since the existing specification MIL-P-8184 covered the optical and physical properties of the Swedlow 350 material no need existed to repeat these tests on the plate in stock. Thus, only mechanical properties tests were run on the material test specimens cut from each acrylic plastic plate used as stock for machining of the windows. If the tests showed that the mechanical properties were lower than specified, the acrylic plastic plates from which the test specimens were taken (Table 2b ) the NCEL specification for man-rated acrylic plastic windows and the plates were released for machining of windows.
Window Performance Evaluation
The aim of window performance evaluation tests was to establish the fact that the combination of window dimensions, window material and window flange chosen for EDU hyperbaric chambers is adequate for the service to which the windows are to be subjected. The evaluation tests chosen for a series of EDU windows selected at random from the lot of windows supplied by Swedlow Inc. were:
(1) Short-term tests, (2) Longterm tests, and (3) Cyclic tests. , Short-term tests were identical to those performed previously during exploratory evaluation of acrylic plastic flat disc windows. The objective of the short-term hydrostatic tests performed at this time was (1) Cyclic hydrostatic tests had the objective of (1) establishing that failure of flat disc acrylic plastic windows under cyclic pressure loading is predictable, and to (2) During cyclic tests the sustained pressure was maintained for 7 hours followed by depressurization proceeding at a rate equal to the pressurization rate. The depressurization was followed always by a 17-hour long relaxation period. The overall 24-hour length of the cycle was patterned on a typical working day.
To eliminate as many extraneous variables as possible from the tests, the windows rested on a 0.025-inch thick nylon fiber reinforced gasket (DuPont's Fairprene 5722A) and no retaining rings were used for clamping the windows inside the test flanges.
The sealing was accomplished by placing a bead of room temperature curing silicone rubber around the circumference of the window.
Test Specimens
Test specimens were windows selected at random from the lot supplied by the manufacturer for installation in the EDU test chamber complex. All of the tests except for 6 short-term tests were conducted for economy with the small (4.450 x 1.040 inches, t/l) ± = 0.346) windows. The 6 short tests were conducted with the large windows (6.950 x 1.650 inches, t/D^= 0.330) to determine whether there was a substantial difference between the strengths of the large and the small windows. Also for economy only one window was tested for each of the many chosen long-term and cyclic loading conditions making any subsequent statistical reliability analysis of data impossible.
Clamping sometimes tends to strengthen the windows. Testing undamped windows always produces conservative data. All windows were pressurized at 650 psi/minute rate till catastrophic failure took place.
2.
All windows were tested with 0.025-inch thick neoprene impregnated nylon cloth serving as the bearing gasket on the flange seat.
3.
No retaining ring was used to restrain the window in the flange,
FINDINGS
The window evaluation study has conclusively shown that (1) the performance of windows is predictable, and that (2) the window system chosen is more than adequate for the 450 psi 120°F operational service in EDU chambers.
Both the large (t/D ± = 0.330) and the small (t/D ± = 0.346) windows chosen for the EDU chambers imploded (Table 3) under short-term hydrostatic loading at room temperature (70-75°F) in approximately the same pressure range (6900-7200 psi) as Plexiglas G windows tested in previous study (7000-8500 psi).
This proved that Swedlow 350 acrylic plastic windows performed as well as Plexiglas G acrylic plastic on which the NCEL specifications for acrylic plastic windows were based.
The mode of failure for the windows tested at 120°F ambient pressure was found to be the same (Figures 5 and 6 ) as that for windows tested at 70°F ambient pressure (see NCEL Technical Report 1 R-527 Appendix B)
.
First there formed a star shaped system of cracks propagating radially outward from the center of the window's low pressure face. The cracks were the deepest in the center of the window face. The depth of these cracks even at the center of the window face was less than the thickness of the window.
Second , the leading edges of the cracks inside the body of the window curved towards the horizontal plane of the window coalescing in a single conical fracture plane.
The apex of the cone was centered just below the center of the window's high pressure face. Third , a small hole was punched through the center of the window relieving the hydrostatic pressure inside the vessel.
Comparisons between the 7200 psi implosion pressure of small EDU windows at 76°F and 7000 psi implosion pressure at 120°F has shown that the effect of 120°F temperature on the short-term strength of EDU windows is insignificant.
It was found, however, that the temperature appears to have some effect on crack initiation (Figure 7a ) . There appears to be some difference between the failure pressure of large and small EDU windows as could be predicted from the small difference in their t/D-ratios. The EDU windows can withstand with confidence a momentary pressure loading of approximately 3600 psi without initiation of major cracks giving the windows a proven safety factor of about 8 under short-term overload (less than 1 minute duration) .
The displacements of the large EDU windows were larger than those of the small windows, but almost in direct proportion to the ratio of their t/D-diameters (Figure 7b) .
Long-Term Loading
The catastrophic failure of EDU windows has been found to be very predictable (Table 4) . The relationship between implosion pressure and duration of a single sustained loading was found to be graphically expressable as a straight line on log-log coordinates (Figure 8) and thus easily to extrapolate into the future. The windows were found capable of withstanding a long-term pressure loading of at least 2250 psi without All windows were pressurized at 650 psi/minute rate till specified pressure was reached, this pressure was subsequently maintained till failure took place.
2.
Ambient temperature for all tests was 120 F.
3.
0.025-inch thick neoprene impregnated cloth was used as the bearing gasket on the flange seat under the window.
4.
No retaining ring was used to restrain the window in the flange .
5.
Test was terminated; no cracks were observed in the window. 
Cyclic Loading
The catastrophic failure of EDU windows under cyclic pressure loading was found to be very predictable (Table 5) .
The mode of failure was similar to short-term and long-term loadings.
The relationship between the implosion pressure and number of cycles could be graphically represented as a straight line on log log coordinates (Figure 10) , and thus easy to extrapolate.
The windows were found capable of withstanding more than lO-1-^c ycles each (7 hours duration at 450 psi pressure) prior to requiring replacement due to catastrophic failure. How many cycles they will withstand at longer, or shorter than 7 hour cycle loadings is not quantitatively known.
It is, however, qualitatively known from the NEMO experimental program^that if the duration of an individual fatigue cycle on acrylic plastic is less than 7 hours then the fatigue damage to the window for each cycle fatigue will be less, and if the duration of a cycle is longer, the fatigue damage accomplished by each cycle will be greater.
But even if the duration of individual cycles was 100 hours, it is estimated that it still would take at least 1000 cycles to failure.
Proof Testing
All windows were proof tested (Figures 11 and 12 ) under 50 percent overload prior to shipment for installation at EDU. All windows withstood the 1-hour long proof test successfully without visual or photoelastic detectable permanent deformation or cracks.
CONCLUSIONS
The design, material, and fabrication method chosen for EDU windows have been found more than adequate for the service in man-rated hyperbaric chambers designed to operate under 450 psi maximum operational pressure and ambient temperature not to exceed 120°F. Ambient temperature for all tests was 120 F.
3.
0.025-inch thick neoprene impregnated cloth was used as the bearing gasket on the flange seat under the window .
4.
No retaining ring was used to restrain the window in the flange.
5.
The opening in the flange CD.) was 3.000 inches in diameter.
6.
The windows were fabricated from Swedlow 350 acrylic plastic.
RECOMMENDATIONS
The acrylic plastic windows supplied by NCEL to EDU should be periodically inspected for presence of cracks. Upon visual discovery of a crack in the window it should be replaced. If properly installed and cleaned only with cleaning solutions approved for acrylic plastic, the minimum crack-free life of the windows should be at least 1000 chamber pressurizations to 450 psi.
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EFFECT OF IMPACT CRACKS ON ACRYLIC PLASTIC HYDROSPACE WINDOWS
The performance of flat disc acrylic plastic windows under shortterm loading has been researched in sufficient detail to establish accurately the implosion pressure of such windows. In these tests, considerable pains were taken to insure that no cracks or scratches were present in the windows prior to their implosion testing. Under operational conditions, however, it is very often impossible to prevent the generation of scratches or cracks in the surface of windows.
In such cases, a real fear exists that the crack introduced initially into the high pressure face of the window by impact of an external object may serve as the source of catastrophic crack propagation failure at lesser hydrostatic pressures than the window is rated.
For this reason, an exploratory study was conducted. As test specimens four flat disc acrylic plastic windows were used of 6-inch diameter and approximately 1^-inch thickness (Figure A-l) . Two of the windows were of monolithic construction, having been machined from 1.250 thick Plexiglas "G" plate.
The other two windows were of laminated construction.
The inner layer of the laminated window was 31/32 of an inch thick Plexiglas "G", the outer layer was 7/32 of an inch thick Plexiglas "G", while the layer bonding together the inner and the outer acrylic sheets was cast-in-place Swedlow SS-3330M of 3/32 of an inch thickness.
One each of the monolithic and laminated windows were impacted in air with a bullet (.22 caliber long rifle Super X), fired from a distance 6 feet from the window. The other two windows were left untouched for comparison. The laminated window developed a star shaped crack that penetrated only the outer 7/32-inch thick layer, (Figure A-2) , while the monolithic window was penetrated by a family of cracks 22/32 of an inch deep (Figure A-3) . All four windows were subjected to hydrostatic pressure in a typical flat window flange with a clear opening of 4 inches, and a 0.005-inch radial clearance between the edge of the window and the flange. The laminated windows were tested with the thin outer acrylic plastic layer serving as the high pressure face, while the fractured monolithic window was placed to have the cracked surface serve as the high pressure face. In this manner, both cracked windows were tested with the cracked surface acting as the high pressure face. Testing of all windows was conducted at 650 psi/min pressurization rate in 68-69°F temperature range.
The windows failed at the following pressures All failed windows exhibited a cone shaped failure surface, with the apex of the cone being located just below the center of the high pressure face of the window. Very little difference was observed between the fracture patterns in the windows with impact cracks and those without ( Figure A-4) .
The comparison of implosion pressures shows that no significant decrease in the window's critical pressure occurred due to the presence of cracks generated prior to pressurization by impact of rifle bullets on the high pressure face. Also the implosion pressures of laminated windows were somewhat lower than those of monolithic windows.
Several tentative conclusions can be drawn from this data. First , a crack on the high pressure face of an acrylic window does not necessarily lead to a catastrophic failure by rapid crack propagation at lesser pressures than the critical pressure of a window without such a crack. Such a crack, however, must not penetrate more than 50 percent of the window thickness and must be located in the center of the window. Second , in view of the fact that the operational pressure rating of an acrylic window generally is only about 1/10 to 1/12 of its critical pressure under shortterm loading, no danger exists if the window with cracked high pressure face is inadvertedly subjected only once to its operational depth. Third , a laminated window with a soft bonding layer does not possess as high a critical pressure as a monolithic window of identical diameter and thickness.
Fourth , a laminated window with an impact crack on the high pressure face does not possess a higher critical pressure than a monolithic window with an impact crack.
Although it is understood that those conclusions apply directly only to specimens tested under short-term loading, they also apply, in all probability, to flat disc windows of different proportions, as well as to conical windows. It Before the gaskets are chosen for a given window, some consideration has to be given to their effect on the structural performance of the window.
Since gaskets may vary in thickness, hardness, and viscoelasticity, some knowledge of their effect on the catastrophic failure of windows is required so that proper gaskets can be specified for each application. A brief review of existing meager literature on flat disc acrylic plastic windows revealed the absence of any experimental or analytical work dealing with the subject of gaskets for such windows. In view of this, a few exploratory tests with different gasket materials were performed at NCEL on flat disc acrylic plastic windows.
TEST PROGRAM
The objective of the test program was to explore the effect of (1) gasket thickness, (2) gasket material, and (3) retaining ring on the short-term strength of flat disc acrylic plastic windows. The scope was limited to only (1) one window thickness, (2) one window diameter, (3) acrylic plastic, (4) three kinds of gasket materials, and (5) three gasket thicknesses (Table B- Test specimens were fabricated from shrunk and unshrunk Plexiglas "G" and Swedlow 350 flat disc acrylic plastic windows of 4. 450-inch diameter and nominal 1-inch thickness (Table B-2) . Because of manufacturer's casting tolerance on thickness, the actual measured thickness varied from 0.944 to 1.092 inches. Thus, the actual thickness of test specimens was sometimes less than thickness of the windows supplied to EDU.
Still for the purposes of this exploratory investigation on gaskets, the findings of this exploratory study are applicable directly to the EDU windows.
Test arrangement was identical to the one described in the main body of the report except that a retaining ring was used to restrain the window in the flange (Figure 2) during the hydrostatic tests. The reasons for it were two-fold: (1) to determine whether the presence of the retaining ring has a significant effect on the pressure at which catastrophic failure occurs, and (2) the actual installation of windows in the EDU chamber does require retaining flanges.
The testing of windows was performed at 650 psi/minute rate in 120 F ambient environment till catastrophic failure of the windows took place. Only the failure pressure was recorded for each test.
FINDINGS
All of the following findings apply directly only to EDU windows, although it can be postulated that they may apply also to windows with other t/D. and t/D ratios. There appears to be no significant difference in failure pressure of windows tested with, or without, bearing gaskets on the window seat in the flange.
There appears to be no significant difference in failure pressures of windows tested on thin or thick bearing gaskets.
There appears to be no significant difference between failure pressures of windows tested on bearing gaskets fabricated from different materials.
4.
There appears to be no significant difference between failure pressures of windows fabricated from shrunk Plexiglas "G" , unshrunk Plexiglas "G", or Swedlow 350 plastic.
5.
There appears to be no significant difference between failure pressures of windows held in flanges with or without retaining rings.
CONCLUSION
In the selection of bearing gaskets for flat disc acrylic windows, other criteria than failure pressure of the window should be used in the selection of gasket material and its thickness.
RECOMMENDATIONS
For future hyperbaric chamber window assembly designs it is recommended that the bearing gaskets on the high and low pressure faces of the window be made of 0.125 thick commercial cork material. The sealing of the window is to be accomplished by radially compressed o-ring contained in a groove around the circumference of the window. A properly bolted rataining ring is to constrain the window inside the flange cavity. A proposed window design for service at 1000-foot simulated depth utilizing the EDU window dimensions is shown in Figure B This document has been approved for public release and sale; its_ distribution is unlimited.
Supervisor of Salvage
Flat disc acrylic plastic windows have been designed, fabricated, evaluated and delivered to EDU for replacement of glass windows used to date. The large (D = 6.950 inches; t = 1.650 inches) and the small (D = 4.450 inches,°t = 1.040 inches) windows have been found on the basis of an extensive evaluation program to be more than adequate for man-rated service under 450 psi maximum operational pressure in steel flanges with D. (diameter of opening in flange) of 5.000 and 3.000 inches.
All windows were proof tested to 675 psi pressure at 120 F ambient temperature prior to delivery. 
